Abstract With the prevalence of obesity increasing dramatically worldwide over the past several decades, an increasing body of literature has examined the impact of obesity in the context of rheumatoid arthritis (RA). Epidemiologic studies suggest that obesity may be associated with a modestly increased risk for the development of RA, although these studies have shown conflicting results. Among patients with established RA, obesity has been observed to be associated with greater subjective measures of disease activity and poor treatment response, but also with a decreased risk of joint damage and lower mortality. A comprehensive evaluation of the influence of obesity on the measurement of disease, response to therapies, and long-term prognosis is critical in order to understand these observations. This review therefore focuses on recent observations, potential explanations for these findings, and implications for clinicians and investigators caring for and studying patients with RA.
Introduction
The obesity epidemic has impacted practically every area of health, including the care of patients with rheumatoid arthritis (RA). Management of patients with RA therefore requires a comprehensive understanding of the complex interaction between the disease and obesity. The aim of this narrative review is to critically examine what has been learned from recent research and illustrate how this evidence should impact how rheumatologists consider obesity and adiposity in the care of patients with RA.
Obesity and the Risk of Developing RA
Numerous studies have attempted to identify environmental and lifestyle factors associated with the risk of developing RA. For example, smoking has consistently been found to be associated with an increased risk of RA, with an especially strong association in seropositive men and individuals with the shared epitope [1] [2] [3] [4] [5] . Alcohol use and higher socioeconomic status may be inversely associated with RA risk [6, 7] . In this context, obesity as a potential risk factor for the development of RA has been an area of interest for many years. It has been proposed that recent trends of increasing rates of RA found in some studies could potentially be related, at least in part, to the dramatic increase in rates of obesity [8-11, 12•] . Previous study results, however, have been mixed, with some showing an increased risk of RA among obese individuals [13] [14] [15] and others showing no association [16] [17] [18] .
Several recent large case-control and cohort studies have contributed to evidence of an association between obesity and the development of RA, although definitive evidence of an association remains elusive. Among these large studies, This article is part of the Topical Collection on Rheumatoid Arthritis obesity was not consistently associated with a significantly increased risk of incident RA in the population overall, and when present, the association was relatively modest, with HR ranging between 1.0 and 1.49 (Table 1) A recent meta-analysis of 11 studies, including 5 recent studies, did find a significant association between obesity and RA with a relative risk 1.31 (95 % CI 1.12 to 1.53), although because there was significant heterogeneity between studies, calculating a pooled relative risk is potentially problematic [23] .
Some studies have showed an association between obesity and RA only for seronegative disease [15, 19••, 22•] . It is possible that the mechanism through which obesity contributes to RA development is specific to a distinct pathophysiology in seronegative inflammatory arthritis, much as smoking is specifically associated with CCP-positive RA and is influenced by presence of the shared epitope. In contrast to the smoking example, however, a mechanism has not been identified to explain why obesity would specifically contribute to the development of seronegative RA. Another potential explanation of this phenomenon is differential misclassification of RA. In other words, it is likely that some patients with seronegative RA in these studies have been misclassified and do not actually have inflammatory arthritis. Because obesity is associated with osteoarthritis, disability, and chronic pain, patients with obesity may be more likely to be misclassifiedcreating an apparent association between obesity and seronegative RA.
Additional subgroup analyses have suggested that the association between obesity and the development of RA may depend on age and gender, with stronger associations identified among younger women. Again, these results vary in recent studies. While some studies have shown similar results in men and women [12•, 22 •], others have suggested that obesity may be associated with a decreased risk of RA among men [19••, 24] . Some studies have also shown an association between obesity and RA only in younger subgroups [12•, 20 ••], and it has been proposed that an effect specific to younger individuals might explain why no association between obesity and RA has been identified in some older cohorts [22•]. With varied results across studies and small subgroups limiting analysis in some cases, it remains unclear whether age and gender are important, perhaps suggesting a hormonal mechanism between the association of obesity and RA.
The observed associations between obesity and RA may also be affected by residual confounding. Detecting a modest association requires large sample sizes, most easily obtained though large longitudinal cohort and case-control studies. Yet these studies, in which data is typically not collected with the study of obesity specifically in mind, are limited in their ability to adjust for all potential confounders. While age, sex, smoking, parity, and socioeconomic status have been appropriately considered in many of the existing studies, other potential confounders such as diet, physical activity, chronic pain, differences in the gut microbiome, and genetic predispositions to both obesity and RA have not been adequately explored.
Furthermore, a potential biologic mechanism to explain an association between obesity and RA has yet to be determined. Adipocytokines, because of their association with adiposity and their pro-inflammatory effects, have been proposed as potential mediators [25, 26] . Studies to date, however, have not established adipocytokines as a direct link between obesity and the development of RA. Vitamin D deficiency, sex hormone differences, and insulin resistance leading to increased inflammation have been proposed as other potential mechanisms although are currently hypothetical [12•, 20••, 27] .
In summary, there is some evidence of modest association between obesity and the development of RA, perhaps especially in seronegative patients and younger women. It is possible, however, that these observations are influenced by differential misclassification and residual confounding. Because of the high prevalence of obesity, even a weak association could have a substantial impact on the burden of RA in the population as a whole. If more justification were needed for public health interventions on obesity, RA perhaps could be added to the already substantial list of associated conditions contributing to morbidity and mortality. This relatively modest association, however, is unlikely to have substantial implications for clinicians diagnosing RA at the individual patient level in clinical practice.
Obesity, Disease Activity, and Treatment Response
Recently, there has been substantial interest in obesity as a potential predictor of refractory disease and poor treatment response among patients with RA. In 2011, Klaasen et al. reported that obesity was associated with poorer response to TNF-α inhibition. Their study evaluated 89 patients in a prospective cohort treated with 3 mg/kg of infliximab [28] . Higher BMI was associated with less improvement in the DAS28 at 16 weeks. Only 50 % of patients with BMI >30 kg/m 2 had a response at 16 weeks as defined by improvement of DAS28 of 1.2 compared to 75 % with BMI 20-30 (p = 0.04). A large Italian study of 641 patients starting TNF-α antagonists found that obese patients were less than half as likely to achieve DAS28 remission at 1 year [29•].
While these studies raised concern that TNF-α inhibition in particular could be less effective in obese patients, subsequent studies have shown lower response rates in obese patients treated with both biologic and non-biologic therapy, even after adjustment for age, sex, smoking, and seropositivity [30•, 31••, [32] [33] [34] . Notable among these studies is an analysis of the BeST trial, showing lower response rates to initial treatment in patients with BMI ≥25 kg/m 2 [30•], and a large Swedish study of DMARD-naïve patients, most treated with methotrexate, in which patients with obesity were significantly less likely to achieve low disease activity at 3 and 6 months [31••] . While small studies have shown no differences in response rates to rituximab or tocilizumab, larger studies are needed to verify these results [35, 36] . At this time, there is no sufficient evidence to suggest that obesity is associated with poor response to a specific class of medications or to support individualizing treatment decisions based on BMI.
Future studies aimed at determining whether obesity is an important predictor of treatment response to a specific class of medication would ideally focus on comparative effectiveness of two similarly effective medication classes in order to evaluate for an interaction between obesity and class of drug. Again, a definitive mechanism through which obesity could lead to refractory disease and poor response to therapy has not been established. Pharmacokinetics of therapy may be different in obese patients, even for medications with weightbased dosing, although the impact of pharmacokinetic differences has not been comprehensively studied. Some have proposed that obesity may be associated with more severe or more refractory inflammation through increased levels of the inflammatory adipocytokines leptin, resistin, or visfatin or decreased levels of the anti-inflammatory adipocytokine adiponectin. These adipocytokines impact the innate immune system, activating monocytes and increasing levels of inflammatory cytokines such as IL-6, IL-12, and TNF-α, and also the adaptive immune system, inducing proliferation of Th1 cells and decreasing proliferation of regulatory T cells [25, 26] . No studies, however, have provided direct evidence that adipocytokines mediate an association between obesity and more severe or refractory disease in RA.
An alternative explanation is that the apparently poor response to treatment in patients with obesity is due to differences in the performance of subjective disease activity measures. In studies for which specific components of the DAS28 are reported, the poor response in disease activity is driven largely by subjective components of the DAS28. Obese patients tend to have poor response in the patient global, tender joint count, and pain visual analog scale (VAS), without significant differences in improvement in inflammatory markers or, often, of swollen joint count [28, 30•, 31••]. These observations suggest that the impact of obesity on response to treatment may be more related to the impact of obesity on subjective outcomes rather than a refractory disease phenotype.
Indeed, data from several large cohorts has consistently showed that obesity is generally associated with worse subjective measures of disease activity. Wolfe and Michaud evaluated a large longitudinal cohort of 24,535 patients with RA and showed that both low BMI <18.5 and high BMI >30 kg/ m 2 were associated with worse scores for the Health Assessment Questionnaire (HAQ), patient global, fatigue, sleep scale, physical component scale, mental component scale, Obesity is known to be associated with increased pain and comorbidity in the population in general [39, 40] , and is associated with a substantially increased risk of physical disability in many populations, including in RA [41] [42] [43] . It is likely that obesity contributes to elevated composite indices of disease activity through obesity-related symptoms that would not be expected to respond to RA treatment alone.
To further undermine the concept that obesity is associated with more severe and refractory RA, radiographic damage is not more likely among obese individuals. As discussed in greater detail below, radiographic studies have actually consistently demonstrated that obesity is associated with a significantly lower risk of radiographic damage over time [42, [44] [45] [46] . These findings do not support the hypothesis that obesity itself worsens inflammatory disease in RA.
In general, for the practicing rheumatologist, while there is insufficient evidence to support using BMI to inform choice of therapy, clinicians and investigators should consider the potential impact of obesity on the performance of composite disease activity scores and physical function measures in RA.
The Dynamic Nature of Weight in RA and Importance for Long-Term Outcomes
In order to understand the association between obesity and long-term outcomes in RA, it is important to first realize that weight is dynamic over time, particularly in chronic illness. It is not likely to be sufficient to look only at an individual's current BMI. Understanding the relationship between BMI and long-term outcomes requires an evaluation of changes in BMI and body composition as well as the underlying causes of that change. In other words, with regard to BMI, it is not just where patients are, but how they got there.
Active RA can result in weight loss. Evolutionarily speaking, the body's first priority is to make available sufficient energy to fight infection and heal wounds. Therefore, disease processes that demand greater energy expenditure will result in inhibition of growth, utilization of energy stores, and weight loss. Historically, rheumatoid cachexia has been described as severe weight loss in the setting of active and severe RA due to excessive resting energy expenditure [47] [48] [49] . Two recent studies observed that, even in current practice settings, systemic inflammation and greater disease activity are associated with greater weight loss in patients with RA [50•, 51•].
Conversely, successful control of inflammation in RA may subsequently result in weight gain. Jurgens et al. demonstrated that, among patients treated with methotrexate and prednisone, those who achieved low disease activity gained significantly greater weight, while those who had ongoing disease activity tended to lose weight [50•] . In one recent study, it was observed that greater improvements in CRP were associated with greater weight gain, suggesting that successful treatment of the disease may result in reversal of the catabolic pathways [51•] . Previous studies have also shown that initiation of TNF-α inhibitors results in weight gain [52, 53] .
Treatments for RA may also have direct effects on weight. Compared to methotrexate, the initiation of prednisone is associated with significantly greater weight gain, while the initiation of leflunomide is associated with greater weight loss. These associations persist even after adjusting for the response to the drug, as measured by the change in CRP [54] . In other words, while treatment of the inflammatory disease appears to be associated with weight gain, certain drugs themselves may also be implicated, independent of their effect on the disease.
Changes in body composition in active RA make the association between inflammation and BMI even more complicated. Weight is composed of both lean (muscle) and fat mass, each of which is dynamic in chronic inflammatory diseases. Fat mass, or adiposity, likely confers much of the risk of cardiovascular disease and other comorbidities traditionally associated with elevated BMI in the general population. Healthy and intentional weight loss through diet and exercise will reduce fat mass and lower cardiovascular risk. In contrast, weight loss that occurs in the setting of inflammatory diseases such as RA may be primarily observed in the lean compartment [55] , resulting in a phenomenon termed Bcachectic obesity^-namely low lean (or muscle) mass with high body fat percentage (Fig. 1) [41, 56, 57] . Patients may have an unchanged or reduced BMI but continue to have excess adiposity. Much discussion has ensued about how to best define Bobesity^in RA and other inflammatory conditions where BMI may not adequately reflect the extent of adiposity [58] . At the very least, clinicians should be aware that many RA patients with a relatively normal BMI might have substantial adiposity that may still put them at risk for comorbidities traditionally associated with obesity.
Changes in body composition may also include altered fat distribution, including greater accumulation of visceral fat and an increased risk of resulting metabolic syndrome [59] [60] [61] [62] . It was also recently observed that RA patients have greater intramuscular fat accumulation [41, 63•] . Intramuscular fat accumulation has been postulated to lead to insulin resistance since skeletal muscle is responsible for handling approximately 40 % of post-prandial glucose uptake. Intramuscular fat has been associated with many long-term outcomes including fracture, cardiovascular disease risk, and death in the general population [64] [65] [66] [67] . A normal BMI among RA patients should not preclude measurement of waist circumference, evaluation for insulin resistance, management of blood pressure, and assessment of lipids with the goal of reducing cardiovascular disease risk. While many tools are available to estimate body composition, such as whole-body dual energy absorptiometry (DXA), future research should focus on the most cost-effective and practical ways to evaluate and address body composition alterations in RA.
Thus, weight is not a stable phenomenon over time among individuals with RA and can be influenced by the phenotype of disease, systemic inflammatory burden, response to treatment, direct effects of treatments, as well as diet, physical activity and comorbid conditions. Furthermore, loss of lean body mass in the setting of active disease may result in a lower BMI with continued excessive adiposity.
Obesity and Long-Term Outcomes in RA
Numerous studies have shown that overweight and obese individuals have a lower risk of radiographic progression [42, [44] [45] [46] . A recent study demonstrated that an obese BMI was associated with a lower likelihood of radiographic and MRI erosion progression even after adjustment for measures of disease activity and severity, including adjustment for MRImeasured synovitis in the same joints [68] . These results suggest that obesity is associated with less destructive inflammatory disease. In addition, in this study, individuals with lower BMI had greater bone edema on MRI even after adjustment for differences in synovitis, suggesting that these individuals with a low BMI may have a distinct and perhaps more severe phenotype. It may be that this severe phenotype has led to weight loss over time, resulting in a low BMI. Even in the setting of lower radiographic scores, obese subjects are still noted to have greater reported disability, emphasizing the disconnect between increased pain and disability attributable to obesity and the inflammatory disease process [42] .
Of great interest is the association between obesity and decreased mortality in patients with RA-the so-called obesity paradox. Despite what is known about the adverse complications of obesity, patients with RA with greater weight consistently appear to have a lower long-term risk of early death [37••, 69, 70] . This observation was recently shown to hold true for all causes of death in RA including cancer, cardiovascular, and lung disease-related deaths [71•] .
Again, change in weight may be the crucial factor in explaining the obesity paradox. In a recent study, weight loss, especially rapid weight loss over 1 year, was a strong predictor of death in patients with RA [72•] . The strong association between weight loss and mortality may obscure the association between obesity and mortality in epidemiologic studies. Obesity likely carries the same cardiovascular and overall mortality risk in patients with RA as in the general population. A patient who has lost substantial weight, however, is at very high risk for mortality and therefore will have higher mortality risk than his obese counterpart. In addition, the patient who loses weight is likely to primarily lose lean body mass, resulting in increased mortality risk both from continued adiposity as well as from the underlying process leading to weight loss (Fig. 1) .
In fact, the seemingly paradoxical association between obesity and decreased mortality has also been observed in other chronic illnesses and among the elderly [73, 74••, 75, 76] . It has been hypothesized in these conditions that disease-related (or age-related) weight loss may account for this observation as opposed to a biologically beneficial effect of excess weight and adiposity [77] .
To the clinician, this phenomenon is important to understand, since a low BMI and especially unintentional weight loss may have prognostic implications and predict the occurrence of many adverse outcomes. The clinician should not interpret these observations to mean that obesity is biologically protective. In fact, quite the opposite is likely true; adiposity likely carries the same risk in RA as in the general population. Weight loss through diet and exercise, reducing fat mass preferentially over lean body mass, may improve cardiovascular outcomes as well as physical function and disability. In contrast, clinicians should think of unintentional weight loss and a low BMI as markers of more inflammatory and destructive disease and a warning of increased mortality risk. Fig. 1 Hypothetical framework linking weight loss, body composition, and mortality risk in RA. Severe RA leads to a decrease in lean muscle mass more than fat mass, and both rapid weight loss and adiposity are hypothesized to be associated with mortality risk. Shown are a an overweight individual (BMI = 27) with minimal change in weight or body composition; b an obese individual (BMI = 35) with minimal change in weight or body composition; and c an obese individual with severe RA who loses weight with proportionally greater loss in the lean compartment (cachectic obesity)-this latter individual is hypothesized to have the greatest long-term risk of death Overall, these observations support greater attention to adiposity and related comorbidities, even among those with normal BMI. For the reasons outlined here, it is likely that previous studies in RA have significantly underestimated the mortality risk that adiposity carries in patients with RA. It is not yet clear how to incorporate new technologies that more accurately estimate adiposity and visceral fat accumulation, but risk stratification tools in RA may be enhanced in the future by understanding the prognostic value of body composition alterations and incorporating this information into new algorithms.
Conclusions
Obesity is a common and critically important factor that impacts the diagnosis, treatment, and assessment of long-term risk among patients with RA. Recent literature supports greater attention to how obesity and alterations in body composition impact the development of the disease, measurement of disease activity, efficacy of treatment, and the risk for long-term adverse outcomes. An analysis of the BeST trial found that overweight patients had lower response rates to initial treatment based on change in DAS28 and had higher subjective but not objective disease activity measures.
